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RUBBER CONDICTORS FOR AIRCRAFT IGNITION CABLES

By Clyde C. Swett, Jr. and Joseph R. Dietrich

SUMMARY

The possibllity of using conducting rubber as the conductor in
alrcraft ignltion cable 1s conasldered in this report. Cables usling
such conductors are expected to eliminate internal corona and gas
leakage 1n the cable, to reduce erosion of spark-plug electrodes,
and posslbly to reduce radio interference and to attenuate unwanted
high-frequency, high-voltage surges. Rubber conductors were lnves-
tigated and tested for use in aircraft lgnition cables. The effects
ol stretch, temperatire, and continuous and impulsive currents on
the reslstance of several conductin~-rvbber test stripe of the same
composition were determined. Two types of experimental conducting-
rubber cable were tosted. The conductivity requirements for avppli-
cation of conducting rubber to lgnition cables have been vatimated.

The resistivity of oonduoting rubber of the compositicn teasted
1s toc high to permit its usg 1n cables of more than about 2 feet in
longth. The resletivity was radlcally eflected by the method of
fabricatlon used end varled from approximately 10 okm-centimoters
for samples In sheet form to 1600 ohm-contlmeters for cable samples.

Typical variations of registivity with stretch, temperature,
and current are presented in the following table:
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Comdition producing |  Range of Resistivity
resistivity change® condition increase
teosted (percent)
Stretch followed by 0 to 67 percent 270
return to unstretched
length
Temperature 0° F to 140° ¥ 42
Cwrent (60 cycles, 0 tc 0.53 ampere/cm? -54
30-min duration)
Current (magneto output,|0 to magneto output -9
320-hr duration) for one spark plug
Impulsive voltage 0 +n 450 volts/cm 0x5
(1 impulse)

8The changes are not permanent in all cases.

Tests on twn experimentel cables showed that a satisfactory
method ol fabrlcating conducting-rubber cables has not yet been
developed. One cable had a dilelectric strength approximately
25 percent above that of a simlilar standard cable but had a prohib-
itively high reslistance, whereas the other cable had a much lower
reslstance but a poor dielwctric atrenuth.

Tho development of lgnition ceble employing a rubber conductor
depends on the development of a satisfactory method of fabrication.
The existence of a wide fleld of application for such cables depends
upon the development of conducting rubber having a resistivity of
legs than 1 ohm-centimeter.

INTRODUCTION

Standard alrcraft 1gnition cable has two important disadvantages
that are closely related to the use of stranded metelllc wire as a
conducting element. The flrst disadvantage is that alr voidse, which
may be formed during elther the manufacture or the installation »f
the cable, occur gulte frequently between the conductor and the
surrounding insulation. When the voltage 1s applied to the cable,
corona may occur in the volde because of the high slectrostatic
fleld neer the surface of the conductor. The corona converts the
oxygen of the alr to ozono, which is Lighly destructive toc the
insulation because of 1ts powerful oxidizing propertles. Sare ntandard
cable has ths second dlsadvantage of longltudinsl alr passages, which
may oxlst betwecen strands of the conductor or betwsen tho conductor
ond the insulztlon and extond thr.,ughout & considerable length of
the ceble. When installed 1n an Iignition system, such a cable may
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act as a pipe line andl conduct moisture, oil vapors, and products
of combustion and gaseous discharges, which might otherwise remain
loocalized, to various parts of the ignition system.

These disadvantages could be eliminated in cables by using
conducting rubber as the conducting element because the Ilnsulation
and conductor would be vulcanized together, A cable of such con-
struction would be free from volde (and therefore free fram corona
ingide the cable) and would prevent gases and liquids from traveling
wlthin the cable, The aimllarity of the elastlc properties of the
conduotor and the insulating material would eliminate the possi-
bility of failure of the vulcanized bond by mechanical streas.
Because the core could be made of a single conductor of cilrcular
cross sectlon, the use of & rubber conductor would result in a lower
value for the maximum dielectrioc stress than exists in standard cables
employlng small strended conductors., The use of conducting rubber
in high-tension cables as a means of controlling the electrostatioc
fleld and as a means of eliminating ionization in alr voids has been
patented by ven Hoffen (U.S, Patent Office No, 2,081,517, May 25,
1937; U.S. Patent Office No. 2,165,738, July 1l 1939) and Zoethout
(U.S. Patent Office No. 2,142,625, Jan, 3, 1939). Patent No, 2,081,517
covers the case in which conducting rubber i1s the sole conductor.

The results reported in refeirence 1 show that the limltation
of the maximum current in an ignition spark by insertion of a
resistor 1n series with the spark plug decreases the rate of
erosion of the spark-plug electrodes. The use of conducting rubber
for l1gnition cable should produce this desirable effect by permitting
the incorporation of the reslstor in the cable 1tself. Further
benefits that might result from the use of a conductor of relatively
high resistance are reduction of the difficulty of radio shielding
and attenuation of any high-frequency, high-voltage surges.

At request of the NACA, William L, Holt, Chlef of the Rubber
Section, National Bureau of Standards, fabricated conduotlng-rubber
sheets and cables. These, in addition to another experimental
cable, were tested during the perlod froam 1942 to 1944 to determine
the suitability of conducting rubber in aircraft-engine ignition
oable. The results of the tests are reported herein in two main
sectlons: I - Tests of Conmducting-Rubber Samples and IT - Tests of
Experimental Cables. The effect of diemeter and resistivity of the
cable conductor on voltage, the determipation of optimum conductcr
diameter for a short length of cable, and the effect of conductor
diameter on dlelectric strength of the oable are discussed 1in
appendixes A, B, and C, respectively,
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I - TESTS ON CONDUCTING-RUBEER SAMPLES
Description_of'Test Samples

Five different sheeta of corducting rubber, each about
1/2 square foot in aree and approximately 1/32 inch to 1/16 inck
thick, were fabrlcated at the National Bureau of Standards for ihe
toats. Throughout thls report, the five sheets are considered as
Tive differont samplos and are designated samples A-l1 to A-5. For
tost purposvs several strips wers cut from each sample. Each strip
18 given the same designation (A-1 to A-5) as the sample from which
1t vas cut. The composition of the samples and a dvsoriptlon of the
method of processing them, as furnished by the Natlonal Bureau of
Standerds, are given in the following table:

Ingredlent Parts by welght
Rubber : 100
Sulphur 3
Zinc oxide 10
Altax (accelerator) 1
Age Rite powder (antioxidant) .1
Reogen (plasticizer) - - ' 3
Shawlinigan black 80

(acetylens black)

The rubber was broken down well and then a11 of the ingredients
except the Reogen and the Shawinigan black were added. These two
ingredlents were added last and as rapidly as possible with a
minimm of milling. The time of vulcanlzation was about 25 minutes
at 287° F. - '

The following tests were mdade to determine some of the prover-
tles of conducting.rubber: Ilow-voliage resistivity tests, stre’ch
tests, temperature tests, high-voltage impulse test, sustalned-
current teste, and.lignitlon-current testa. The propertles:of the
various sheets were gualitatively the szme although there .was con-
slderable quantitative variation

Low-Voltage Repistivity Test;

Iow-~voltage résistivity measurements were ﬁade on the samples
by clamping the ends of thin stripa'qpprnximately'7% inches long

and 1/32 inch squdare betwoen brass plates and measuring the reslst-
anco. Elther a Whoatstone bridge or a woltmeter-cmmeter method was
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used, depending on vhich was the most conventent for the particular
test being run. When the voltmeter-emmeter method was used, the
. ourrent was kept low (],esa them 1 ma) to avoid. hea.tins ‘.'.he sample.
The resistivity of the: rubber 'mried from sample to sample,
being in the range of 20 ohm-centimsters for sample A-1 and 9 ohm-
centimeters for sample A-2., The resistivites of the other seamples
were within these limits. Adjacent strips out from the same semple
showed some variation in rewistivity. Strips cut at right angles
from the pame sample showed approximately the same variation.

Stretch Tests

The resistivity of conducting rubber was greatly affected by
stretching., When a strip was stretched snd then released, lts
rosistance increased several fold. When the rubber was then allowed
to reast, 1ts resistance decreacel toward its original value at a
rate that decroased with time., In some ceses several days were
required for the resistence to return within a few percont of 1ts
original value. Figure 1 shows the conductance recovery of two
strlipe with time, After approximately 1 minute, the resistance
chanzed linearly wita the logaritkm of tke time over the raage
tested. The rate of rocovery may be accelerated by ralsing the
temperature of the strin.

The effect of successive stretches, each of greater amplitude
than the preceiing one, 18 shown in flgure 2. The procedurs in
takling the date was as follcws:; Aftor 1ts inltlal roesistance was
measured, the strip was stretched 1 inch and immediately reloasod.
After 40 peconds the reslstence was measured and 30 seconla later
the strlip was stretched 2 inches and releazed. The oycles of
stretching and mezsuring were continued with the seme time eckedule,
inoreasing the stretch 1 inch eack time up to 5 inches. A separate
experiment showed that the second of two successive stretches of
equal ampllitude produced little additlonsal chango in reslstences.

Determination of the resistance during stretch required rapld
measuremont and an osclllogiraphic method was used. The test otrip
was connected in serles with a 140,000-ohm resistor and a Z284~volt
battery, The vertical deflectlon plates of the oscillogreph were
directly connected acrosa the rubber strip. The vertioal deflection
was thus proportiocpal to the voltage drop acroess the strip end indl-
cated the resistance of the strip.

A emsll test engine with the cylinder head removed was used as
the stretching machine. One end of the rubber strip was fastensd
to a support directly above the pilston; the other end was so fastened
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to the piston that the strip was periodlcally stretched and relaxed
as the engins wat motored. The 220-volt dlrsecht-cumrrent line pro-
vided sweap voltags for the osolllogrsph. The horlzontal deflection
Tlates were dirsctiy commected across the output of e slide-wire
rheogbal comaected to the ZZC-volt line 1n poteniicmeter fashion.
Tho rheostet slile was opera®nld by a crank el a conneoting rod
coupled to the ergine sheft %o give a rweep voltege that wus propor-
tiozal to the plsiton displacemont, and hence to the strotch of the
rubber strip. ;

The changse in reoalatance durling the stretohing and retracting
proces2 is illuztratel In figure 3. Trhe measwroment was made by the
oscillographic motkod desacrihod and wao completed in eporoximabely
2 peccnGa. The pilrotehing mnchine was manuzlly operated duiing the
Pires two cycliss fig. 5{u)} and was motored thereafter. During the
initlal siretch the rasalsinzoe rose along line 1 and contiamed to
riso along line 2 as the stxuwtch wes fcocrensod, '"he maxrimum at
point C was mrobedbly ceuvsod Ty & momembary pause in the operation
of the machine, durlng which tho resistance cf the strip decroeased.
The rubber baceme elask at peint A (fig. 3{a)) because after its
first stretcb, the strlp had & allght set that was more or less
permanent. The rubbex witrlp was elicwed to reot agein for a short
tima (fractiox of & seconi) and waes streiched agaln., DTuring the
rest pericd the resistance Tell to tke vaive of point B (fig. 3{a)).
As the rubber girip was sirniclsd the ceconld time, 1ts resistance
decreased along line 3 anil as toe cLrip ura retracted, the resist-
ance Increaysd slozg line 4. Subsegqueat cyoles qualitatively
followed lines 3 ani 4. After the rmitber strip had been rivn through
goveral chbretclh-rstiaction cysl2: by motoring the ctretching machine,
svocesgive cyclso grantitivelr repozted ecch other. Ome such cycle,
measured while tie oirelching m:chine was belng motored at 200 rpm,
is ghown in figure 3(DL).

Temperature Tests

Teets of the effects of temperature on reslstance wsre conducted
in a wooden box lined with asbestos. The box had two compartmoents,
which were seperated by baffles. One cowtpartment held the rubber
strip and a thermometor; the other compertment contained a heating
coll, or a quantity of dry 1lce, to heat or cool the sample, as desired.

The offocts of temporaturo on resistance wore quite complicatod,
varlod with timo, and dependod upon the previous history of tho
scmple. The briof survoy prescnted hore is incomplete and for the
most part, the results are only quulitative.
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The reslstance change of a new strip that was first cooled
end then heated is shown in figure 4. The ourve 1a typloal of the
-regults of temperature runs on several samples. The dlsplacemsnt
of the heating ourve B from the coollhg ouive A represents a-change
in the properties of the rubber, If the strip should be cooled
from any point on the heating curve B, the resulting cooling curve
vwould be below ocurve B and subsequent heating and ocooling would
continue to lower the resistance curve of the strip.

At a temperature of approximately 140° ¥, the reasistance of
etrip A-2 suddenly began to decrease. A test on another strip
showed that the decrease continued with time, even ii thé tempera-
ture was held oonstant. The shape of the temperature-resistence
ourve above 140° F therefore has little meaning, inasmuch as it
depends on the rate of change of temperature. In that region the
Plottod points in figuro 4 were taken at intervals of 3 to 4 minutes.
It 1s possible that the rate of change of temperature mey influence
the shape of the temperaturc-resistance curve evon at low tempera-
tures. The effect, however, if present, is small compared with that
above 140" F. A simlilar tost on strip A-5 gave the same results

wit]oa the exception that the decrease occurred at approximately
240° F.

Cooling of strip A-2 to room temperature after the run plotted
in figure 4 did not apvreciebly chenge its resistance from the high-
temperature value. Subsoquent roheating of this strip caused 1ts
resistance to rise again. No suddon drop in resistence corresponding
to that at 140° ¥ (fig. 4) was obacrved even Lhough the tomperature
was Iincreased to 220% F. Reucooliryg of the strip te room tumperature
reduced 1ts res!stance to a value lower than any prcviously obsurved.
After eight or nine such hoating-cooling cyclus, theo strip aettained
a state in which subsequent cyclce repoatod each other. Taeble I
8lves thu maximum end minimum temperatures for these cycles, with
the correvsponding resistences. The min!mum-temporature value for
cycle 1 in the table corresponds to the point on the heating curvo
In figure 4 at room tomperaturu. Tho heating portion of cycle 1

is given in detall by the portion of curve B (fig. 4) from 82.5° F
to 212° F. :

The final state of tho strip could possibly have boen attalned
by holding the strip at a high touperaturo for a prolonged time, as
vwell as by running tho strip through many heating-cooling cyocles.
The point was not invostigated.

Aftor cycle 12, the finml rosistence of the strip (14,900 ohms,
table T) corresponds to a resistivity of 5.2 ohm-contimotors. When
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the resistance wes measvred agaln 2 weeks after test, it was found
to have lncreased to 18,800 olms, corresponding to a reeistivity of
7.4 olm centimsters.

At room temperature the temperature ccefficlent of resistance
(percentage increase of resistance per degree of temperaiure rise)
along curve B (fig. 4) ves approximately the seme for two samples
of type A and was not greatly affccted by the “revious temporature

istory of the sample. The valus cf the coefficlent et 77° F was
botween O.34 and 0.41 percent per °F.

The effect of high temusrature on a conductlng-rubher strip
was_dctermined by plecing a strip in an oven and hsating it to
334° F. Tho strip was bens double and iastensd with a cllip tc soe
if the rubbor would flow. No epnevont effectes from the high tem-
perature, such as sticking or cracking, were obscrved. The samc
strip after teing cooled was then heamted to 410° F. Examination
showed cracking and slight eticking.

The effect of low temperuture on a striv was determined by
placing it in o conta’rer pecked in dry icc. The tumpersture was
slowly dropocd to -72° F. Aftor keving been Xep* at this tempera-
ture abont 5 minutes, tho strip .us flexed. It was sllghtly stlff
but 1t could bo bent doblas without cracking.

High-Voltogo-Impnlse Test

The high-vcltags-impuloe res!etenco of one o' the strips was
moasured by & Du Mont type 175-A cethode~-ray osclllogreph. A
0.002-microfarad condonser was chargud to 8000 volts and discharged
through the rudber strip. Thko voltage across the strip wus anplied
to the horizontal derlection plates of the oscillograph through a
capaclty~type veltage dividor. The vertiocal deflcction plutes were
connscted across a low resistance of known value in scries with tho
rubber strip. The horilzontal deflectlon wus thus proportional to
the voltage drop acrows tha rubber sitrip, whorcas the vurtical
defloction was proportiongl to the current through the strip. The
registance was calculated froum the slope of the resulting trase.

The high-voltege-reslstance test showod that the rvsistancs was
constant up to tho &npli.d voltagu of 8000 volts, which corrospondud
to a gradient of 450 volis per contimetur for the samnl. tostod. The
neasurement was accurate to with'n about 5 percent.
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Sustalned~Current Tests

As shown 1n the high-~voitage-impulse test, tho high curront
of short Quration produced by the condenser discharge had no effect
on the resistance. Further tests wure conducted to determine the
effect of relatively large currsnt of long duration. A
20-milliempere alternating current (60 cycles) wes passed through
a8 strip anmd the resistance was cdetermined by the voltmeter-ammeter

meth>d. The dimensions of the strip were-sg inches long by
3/32 inch wide by 1/16 inch thick.

As shown by flgure 5, the resistance suddenly increased and
then decreased below the initial value. The heatling effect of the
current was probably culte lumportant in determining the variation
of the resistance. The reslsiance >»eached a constant value after
the current had perslsted for scme time. After the current was
stopped and the strip had conled, the resistance dropped slightly.

The effect »f passlng successlvely larger currents through a
strlpy o»f sample A-5 conducting rubber, the current being increasei
when the reslstance approached a congtant value, 1s shown in figure 6.

1

The strip was 57 inches lorg by 1/16 inch wide by 1/16 inch thick.

Successlve lncreases of curront tended to lower thu resistanco. In
another test tho reslstivity was ruducovd by a factor of 35 1n this
manner, although the large currunt caused the rubdber to crack and
bucome brittle, ruining it for any practical uswu.

A strip, through which a 20-milliamvore current had boon
passcd, was etretched one-half lnoh t» see if the stretck proper-
ties had buen affected. The inltilal resistance of 6500 ~hms had beon
roduced to 3500 ohms because of the current. Stretch lnoroased tho
resistance in the same gencral man.cr as in figure 3(a). The final
value of resistance was 5700 ohms.

The same strip was then subJocted to a stretch test with a
constant currvnt of 20 milliamperes. The strip was stretched one-
half Inch at the rate of 4 strstches per minute for about 1 hour
while the ocurrent was flowing continuously. At this polnt the
reslstance had fallen to 4200 ohms; however, whun the strip was
again stretched without curront fiowing, the resistance increased.
This effect was the opposite of that shown in figure 3(b). When
the strip was stretchod beyond the l/z-inch l1imit at which 1t had
been treated, tho rvsistanco again bvgan to decrease with stretch
and began to bshave in the mnnner illustratod by Figure 3(b),
rogerdless of how much or how little 1t wes gtretched.
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Ignition-Current Tosts

In order to detoermine whether rubber conductors would be
adversely affuvctod by tho current output of an aircraft-onglne mag-
neto, a test was made during which the output of a steandard magneto
was passed through conducting~-rubber strips for a long period of tims.

The teat stripes were mounted betweean brass terminals on a bake-
lite board. Nine conductors were teésted: +three single A-1 strips;
three elngle A-2 strips; and three conductors, each made up of two

A-2 strips connected in serles. The strips were 7% inches long and

approximetely 1/32 inch square. One end of eacii conductor was con-
nected to one of the nlne distritutor terminals of a Scintilla
V-AGE-IF mugnotn. The opposlte ernds of the strips were mrounded
through individual throe-poinv spark gaps set to spark at 10 kilo-
volts (peak). The gap settings were periodiceilychecksd during the
run by means of a calibroted brass-sphore gap 1lluminated by a
quartz mercury arc. The rubber strips were prntected from oxidation
by a conting of Titeo Suvul N>, 2 compound approximately thrawe-
sixtuenths 1nch thick. Tho ragneto was drlven by an elcctric motor
at a speed to glve betwsen 1000 and 110C discharges per minute through
each rubber strip.

The followlng table givos thu inltlal rusistancs of tho strilps
used In tho test at a temseraturce -7 71° F:

Strip connected!Initial |Strip Description
to distribut.or |rusistance
terminal (ohms)
1 27,300 ! A-1 Single strip
2 41,70C | --do- Do.
3 37,100 |{--do- Do.
4 18,400 A-2 Do.
5 18,300 --do- Do.
6 1,600 | --do- Io.
7 35,90C ! --do-|Double-~lcngth strips
(two strips in soriovs)
a 34,000 {--do- Do.
9 37,500 | ~-do- Do.

The test was run for 310 hours, the last 187 hurs nonstop. The
resletance of the strips was checked each tire the run was stopped.
The resilstance was vbserved to decrease rather rapidly irmediately
after the magneto current was turmed off but 1t became steady after
dropping 4 or 5 percent. The drop 1s attributed to the cooling of
the strips.
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Measurements taken after the reslstance became steady showed
that the reslstance had slightly decreased during the run. Per-~
oentage decreasge. 15 plotted in figure 7 as a function of duration
of run for all nine test strips. Curves are drawn through the
p~ints only for strips that were connected to distributor ter-
minals 3 and 5 and showed typical varletions. The room tempera-
tures at which the resistances were measured varied cver a range
of 19° F The resistances were corrected to 77° F (tho initial
temperature) by ayplylnz the temnerature coefficient previously
mentioned.

Tho two single-length test strips that hed tho highest reslst-
ance (those connocted t, distributor terminale 2 and 3) showed the
greatest percentage change during the run. The results for all
A-2 strips are grouped rather closely, regardless of whether they
are for single-length or double-length strips. The resistance of
the strips increased slightly during the last 187 hours of the run.

The changes in the conductance of the rubber produced by the
passage of ignltion current through the strips are unlmportant
compared with those caused by temperature changes and by stretching.
It 1s quite possible that the changes recorded in figure 7 siaould
nnt be attributed to eluctrical conductlon as such but to heatlng-
cooling cycles caused by changes In room temperature and by elec-
trical heating of the strip. In crder to test this possi‘bility6 a
now test strip was heated from 100° 7 (room temperaturs) to 120° F
end cooled back to 100° F. The resistance was found to be about
5 percent lower than tho 1nitial value. On the following dey the
strip was run thruugh the seme cycle, with the result that 1ts
roslstance fell another 5 percent.

Adaptebility of Conducting Fubber to Cable Applications

The tests of the properties of conducting rubber have shown
that 1n most respects the material i1s sultaeble for use 1n ignition
cables. Rubber ccnluotors of small cross sectlon are ocapablo of
transmitting magneto impulses for long perlods of time without
adverse effects. The ability of the rubber to withstand low temper-
atures 1s adequate for cable applications and its performance at
high temperatures is promising. Some improvement, however, is desir-
able irasmuch as it 1s generally asswmed that the temperature in the
spark-plug-terminal well may reach 375° F to 400° F (reference 2.
The low tensile strength and the low resistance to deformation of the
rubber give rise to the problem of providing strength for conducting-
rubber cables, but a solution 1s probebly available in the use of
braids or other strengthening coatinge for the cables. The large
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variations In the resistivity of the rubber resulting from stretch
and temperature changes are strlking. These varlatlons are prob-
ably unimportant 1f the cable can be so deslgned that the varlationa
do not result in a prohibltively high resistance. The attalnment

of such a design can result, howsver, only from the development of
corducting rubber oi' corsiderably lower reslgtivity than the rubber
tested. The conclusion may be dxawn from the tests of the proper-
tles of conducting rubber that 1ts high resistivity 1ls at present
the biggest obstacloe to 1ts use as a cable conductor.

IT - TESIS ON EXPERIMENTAL CABLES
Descr}ption of Cables

Inasmuch as the tests on conducting-rubber samples indicated
that conducting irubber might be ueable for- ceble conductors, the
fabrication of experimental cebles having such conductors was
attempted. The cables werc made to the standard 7-millimeter size
but the dismetexrs of the conducting cores were made larse In order
to minimize resistance. The discdvantages of the larger conductor
dieameters werz accepted in order Lo provide a cable of reasorably
low resgistance for experimental purposes.

The febrication of tho cables presented considerable rractical
difficulty and the two attempts thab were made did not result in a
successful cable. The firs% exzerimentel cable (type B) was fabri-
cated by a manufacturer cf ignition cables by adaptatlons of pro-
cesges ured in the menafacture of stendard cable. Although the
conducting rubber used for the cable had a compceition similar to
that of the type A stripa, ths roslstance of the fabricaeted cable
was prohibitively hign. The rmechan.ical propertlies of the cable
were very good, although the conducting rubber and the Iinsulating
rubber were apvarently cemented rether thar bondcd togethor. The
adheslon between the layvers anpeared to be uniform dbut it was wsak
and micreoscoplc volds were present. The jolnt wus, however, gaes-
tlght under a pressure of 50 pounds per squeare inch.

Because the fabricatlion process used for the type B cable
resulted in extremely high cornductor resistance, an attempt wes
mede to fabricate short cable samples by a method thet Ilnvolved a
minimm of working of the conductor materlal. At the request of
the NACA, four cable samples were fabricated at the Nationel Bureau
of Standards, each of which was constructed by vulcanizing two
pemiannualer strips of insulating rubber to a moulded core of con-
ducting rubber. The construction resulted in two vulcanized,
longitudinal seams in the insulating layer. The vulcanizatlon was
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not perfect and the ceble consequently had very poor diclectrle
strength. The vulcanization of the conducting rubber to the Iinsu-
lating rubdber was also lmperfect-wlth the result that large volds
were present. In the spote where vulcanlzing did ococur, the bond
between the condunctor and the insulatlon was very strong. The
reslstance of the second type of cable was reasonably low although 1t
was about 30 percent higher than the resistance of the conduocting-
rubber cores before lnsulation was applled.

The oomstructlon of the cables and thelr resistances and capac-
ltances are shown In figure 8. The methods of measuring resistance
and capecltance wlll be described in later sectlons, The cables are
designabed throughout thls report types B and C, as shown 1n flgure 8.
Four 46-centimetor lengths of ‘the type C cable were constructed.

They are designated cables C-1, C-2, C-3, and C-4.

Although nuither type of samplo cable was satisfactory for
practiocal usuv, they were givon thc resistance, capacltance,
dlelectrio-strength, output-voltagu, and engino tests reported 1n
the followlng sections.

Roslstance Topts

The resistances of the two experlmental ceblus given in fig-
ure 8 wore measured wilth a Wheatstone bridge.

Handling. - Thv handling consisted of straightening the samples
that hed been bent fcr packing. The resistance of tho type C cables
Increased less than 10 purcount wlth hundling, as shown 1n the fol-
lowing table:

Cable Length|Conductor Ros!stanco Resistivity
(cm) |diemetor (ohms) bofore handling
(cm) Before  Aftor (ohm-cm)
handling hanlling

C-1 | 45.8 0.310 20,500 22,200 33.7
C-2 | 45.4 «301 22,700 24,400 35.6
C-3 | 45.9 +315 15,000 16,300 25.5
C-4 | 45.8 . 324 16,500 17,400 29.6

Stretch. - The stretch test conslsted of stretching a 7-inch
length of type C cable approximately 1 inch by a 8-pound weight and
measurling the reslstance. The resistance bohaved with stretching
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in a manner simllar to the actlon uf the stripa as prevliously des-
cribed. After a few hours the reslstance value tonded to avproach
the initial reslstance. The velues obtalned arc listad in the fol-

lowlng teble:
Time Condition of cable Rcelstance

(min) (otms)
0 Initial 15,300
1 Stretched 15,900
2 Resting stretched 15,000
5 e e 14,600

10 e EEEEE TP 14,300

13 R Lo e e e 14,200

13 Retracted 30,700

15 Resting retrected 27,000

23 EE L e R e 24,100

38 e Lo L 22,700

46 SR R P e L 21,300

Bending. - For the bending test a type C sample was wound arnund
a l-inch mandrel and resistance measurements were male. The resist-
ance of the sarple incrcased whern the sample was wounl onts the man-
drel but did not Increase further when unwound, as 1t did after
retraction in ths stretch vest. ver a few hours the resistance
values tended to approach the initial resistance. The following
table lists the resulta:

Time Conditlon of cable Resistance

(min) (~hm3a)
0 Initial 14,040
1 Wrapped on mandral 22,700
2 Unwrapped 21,300
3 Resting unwrapped 20,506
6 R LR PR 13,700
9 c==d0-mcremm e 19,200
20 et LEEE R T 16,9500
5C s LEEEE T PP S 18,500
115 e’ (LR L PR 17,900

Curront. - A high-voitage transfrmer was used to pass a
6G-cycle current of 50 milliamperes through a length of type B
cable for a short time (approximately 5 sec). The resigtance
immediately droppped from 1.4 megohus to 0.04 megolm, a reduc-
tion to one thirty-eighth of the initial valus. It seems improb-
able that such a large decrease in reslstance can be attributed
to the heating effect of the ocurrent alone. The ccmblnatinn
of heating and high voltage possibly caused carbonlzation of the
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rubber, which resulted in s decrease of resistance. The reduction
was not of a temporary nature because 4 days later the resistance
was- stlll. 0.04 megohm.

-~ o~ -

From the results described in part I, it would be expected that
such high-current treatment would be destructive to the rubber. It
.18 destructive to the insulation also because it has been found that
passing the current through a cable for too long a time causes an
explosion through the insulgtion. ZEvidently, because of heat, ges
1s formed in pockets with sufficient pressure tu rupture the
insulation.

Temperature. - A length of the type B cable was subjected to a
temperature of 158° F for 2 houra and the resistance was measured
at the end of this period. The resistance had increased from 1.2 to
2.2 megohms. When the cable was couled, the resistance decreased,
taking 3 days to reach 1ts initial value. The resistance kept
decreasing for a few days longer and finally leveled off at about
65 percent of the inltial reslatance. In general, the results were
comparable with those of the conductling-rubber strlps reported In
part I.

Capacitance Tests

The capacitances of the cables are glven in figure 8. The
measuraments were made by an impedance bridge, with the cables
ingtelled in detachable lead harnesses. An oxternal osclllator
(1000 and 10,000 cpe) was used to exc'te the bridgo and en oscllln-
graph was used as the detector.

A chenk was made to determine what effect the distributed
reslstance hand on the measurement. Opcn-clrcult and short-clrecult
measuremeni:s were made on the type B ocable and calculations were
made to determine the capacitance. The capacltance was only about
3 percent higher than the open-circult value. Similar measurements
on the type C cable showed thet the resistivity was low enough that
the capacltance was measurably the same as the open-circult
capacitance.

The capacitances of the cables as measured in the harmesses
were 54 micromicrofarads (upf) for the type B cable, 46 for the
type C cable, and 30 for an equal length of standard cable. These
values correspond to 46, 39, and 26 miocromlcrofarads, respectively,
per foot length of harness.
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Dielectric-Strength Tests

The dlelectric strength of type B cablo was determined by
applying e 60-cycle voltage between the conductor and a metal tube
7.7 millimeters in dlameter with belled ends that enclosed a
13.4-inch length of the cable. Voltage was applled at the approx-
imete rate of 1 kilovolt per second. The cable broke down at
71 kilovolts (peak).

The same test was mads using two different types of standard
cable. The firet typs of cable, which had a lacquered coating,
broke down et 46 kilovoltas; the recond type of cable, which had the
same kind of insulatlion as the type B cable, broke down at 57 kilo-
volts. Comparison of the value of 57 kllovolts to that of the
typo B cable shows that the type B had about a 25-percent greater
dlelectric strength than the standard ceble, although the resist-
ance of the type B cable may have affected thc result of the test.

A simllar teost on the type C cable detormined the breakdown
voltage to be 6 klluvolts, breakdown ocourring thr.ugh the seam.
This low-voltage breaxdown was expecteod from theo appeurance of the
cable. A short section of the cablo, which was selected by visual
inepectlon for good construction, was placed in & enugly fitting

metal tube 1% inchos long that bad helled ends znd was testod in

the same manncr. The cabls broke down at 19.8 kilovolts, near or
on the seam.

Outmt-Voltege Tosts

Type C cable in a conventlonal shislding barness was placed 1n
a circu:t as shown in figurs 5 in ordsxy to simulate roushly un
engine installation. 8Shunt resistance was plaecied across the firing
gap to simulate fouling condltlons and a shunt capacitance of
185 micromlcrofarads was tliacod between the magneto and the test
samnle to simulate the remsinder of the harncss. Gaps lrradlatod
with ultraviclet llght wore used to meesurv voltagos. A similar
test wus run using standard ignltlon osble. The vpreclision of the
measuroments was 5 percent. The results are presented In thoe
felliowlrg table:
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Standard cable

Conducting-~rubber ocable type C

Voltege

Shunt Voltage Shunt Voltage Voltage
roslst- |applied to | output of | redist- |applied to | output of
ance, Rglcable, E; | cable, Ep | ance, Ry|ocable, E) | cable, Ep
(olms) (kv) (kv) {ohms) (kv) (kv)
Voltage Ey without test cable Voltage Ej without test cable
18.7 kv 19.0 kv
100,000 3.5 3.3 100,000 4.2 3.0
200,000 6.1 5.8 200,000 6.7 5.5
700, 000 11.4 11.1 920,000 12.0 11.3
Infiniter 17.7 17.7 Infinite] 17.1 6.8

As shown In the preceding table, the results of the two tests
are almost the same; the spark obtalned with the conducting-rubber
cable was much weaker Iin appearance, however, than that obtalned

with the standard csable.

8Buch a result would be expected lnasmuch

as one uf the functlions of the conducting-rubber cable is to reduce
sroslon of spark-plug electrodes by limiting spark current.

Englne Tests

Engine teusts on & CFR englne were made using type C cable and
a standard cable in conventional shielding harnesses as the ignition
cable, with a switch errangement wherseby elther cable could be used

a8 the ignlitlon cable wlthout stopping the engine.

The length of +the

cables was 17.9 inches in 14 -inch harnesses and the capacitancea
wore 46 micromicrofarads for the type C cable and 30 micromlcro-
ferads for the standard cable.
was 22,700 ohms. After the readings were taken for one cable, it
was switched out of the lgnltion olrcult, the other ocuble woes

switched in, and the readings were repeated.

The resistence of the type C cable

The indicated mean

effeoctlve pressures were measured or various fuel-alir ratios at

three conditions of manifold pressure and speed.

(See table II.)

The leanest and richest fuel-air ratios listed in each part
of table II represent the limite of smooth engine running with the
two types of cable.
decreased to some extent the range of fuel-alr ratlos over which
the engine would operate and caused a sllght docrease in engine

power near elther end of the operating range.

The nse of the type C cable apparently

The tests indicate

that the cabls resistance (22,700 olms) wee as high as could be
The maximum permissible reslstance may not, however,
be independent of the cable length.

tolerated.
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DISCUSSION

It is evident from the foregoing. teats and observations that
the most serlous obstacie to the developuent of a practical
conducting-rubber cable 1s the dlfficulty of achleving sufflclent
conductlivity in the rubber conductor. The tests on the type B
experimental cable indicated that, once thls problem has besn
solved, the insulatlon properties »f conduecting-rubber cable will
be very desirable. The difficulty of the cunductlvity problem
is increased by the fact that cable-fabrlcation processes may
decrease the cionductivity of the rutber.

Excessively high cable res:istnrce i3 undesirable because it
reduces the voltege availabl: to flre ths sparl. plug and bscause
1t may impalr the igniting effectiveness of the spark. Although no
extensive tvst data ocovering the effect of cable reslestance on thea
reduction of the lgnlting quallty of the spark are avallable, ths
engine tests of the type C cetle Indicated a noticeable, though not
serlous, offect at a cable resistance of approximetely 20,000 ohms.
The effect of cable reeistancs on theo voltage dolliverwvd to ths spark
plug 1s discussed in dotall in appordix A, where it is shown that the
voltagu loss due to & cabie resistance of 20,000 orms is relatively
small (about 6 percent). It soums roasonably, in the absence of more
oxtunslve date, to assume that 20,000 ohms marks the uppur limit of
acceptable cable reslstance. If ccnductlng-rubber cabls is to be
made with a cocnductor diameter no iarger than thet of conventlonal
cable and 1f the tutal resistance for an entirs lead (say 7 f£t) is
to be no greater than 20,000 ohms, the resistivity of the conducting
rubber can be no greater than 0.2 ohu-centimeter. Such & cable would
have the widest posslble fleid of ajplication. An increase in the
conductor dlameter by a factor o»f 1.41 woull permit the uss cf
rubber of twice the 0.65-ohm-centimeter value of resistivity but would
result In an estimated increase of 20 percent in the cable capacitance
with approximetely 3-percent reduction in open-circuit voltege at the
spark plug.

Conducting rubber of conslderebly higher resistivit; than
0.8 olm-centimeter can be used Iin detachesble flexible lsuds, which
are of relatively short length. Ac shown In appendix B, sach
short leads, inasmuch as they constltute only a fraction of the
total cable system, permit the use .f cunductors »f greater dlam-
eter and of greater rusistance per unit ienmgth. If thw conductor
diemetor 1s increased to 0.3 centimeter, leeds up to 1& lnches
long can be constructsd of rubber of 30-ohlm-centimeter rosistivity
(experimentel cable, type C). As shown Iln appendix C, the chief
disadvarntege of largs conductor dlameter is the resulting increase
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in the tendency of the cable toward the formation of external corona.
If this disadventage 18 tolerated, detachable leads ilncorporating
rubber of 10-ohm-centimeter resistivity will provide  the large safety
fectors on the resistonce that are needed to sllow for the possl-
bility of en increase in the resistivity of the rubber because of
deformation or temperature change. The only obastacle to the produc-
tion of such a lead is the lack of a method of fabriocation that con
produce & cable of good dislectrlc properties without lncreasing

the resistivity of the rubber above that obtainable ln sheet form.

SUMMARY OF RESULTS

From tests conducted to investigate the posslibility of using
rubber conductors in clrcraft ignition cobles, the following results
were obtalned:

l. Different samples of conducting rubber of the same composi-
tion, which hand been processed by various methods, exhibited elec-
trical reslistivities of various megnitudes. The resistivity wes
9 to 20 ohm-centimeters for samples in sheet form and 30 to
1600 ohm-centimeters for samples constituting the cores of ignition
cables.

2. Handling, stretching-retrocting, end bending-straightening
of conducting rubber increased 1ts resistance; when the rubber was
allowed to rest, however, the resistance doorocsed toward the
initlal value at a raote that ducreascd with time. Stretching-
relaxing caused the rosistence to incremse by an amount roughly
proportional to the amplitude of stretch, the increaso amounting
to severcl times the initlal rusiotance for large stretches.

3. The resistivity of the rubber increased with temporaturu
up to a maximum point at which a change oocurred and tho resistance
" decreased. This moximum ococurred at 140° F and 240° F on the two
strips tested. The resistivity at any given temperature dopended
on the previous temperature history of the sample; successive
heating-cooling cycles tended to lowor the resistivity.

o 4. Conducting rubber withetood high temperatures up to about
535" F, boyond which the rubbor oracked ond slight sticking occurred.

5. Conducting rubber withstocd the low temperaturo of -72° B
and exhibited only slight stiffening when flexed at that temperature.
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6. For impulse voltages the rsmistance of conducting rubber
was independent of applled voltage, at least up to the gradient of
450 volts per centimeter.

7. The resistivity of the rubber increased suddenly and then
lecreased to approximately 50 poercent of ita Initlal value when a
large continuous current of sufficlent magnitude was passed through
it. Buccesaively larger currents caused simllar actlon, resulting
in lower and lower reslstance.

8. String of the rubber wlthatoai 31C hours of operatlon unier
magnets voltage without signiflcent chenge In resistance or notice-
able deterlioration.

9. The first of two conducting-rubbor cables that have beon
fabrlicated had a dielectric strungth appreximately 25 percent above
that of a standard oable, elthsugh 1t had a prohibitively high
reslstance. The seccnd cable had much lowosr resistance but pour
lislectric strength.

10. The use of a 17.5-inch lexngth of shielded conducting-rubber
cable having a reslstanca of 22,700 ohms end a capecitance of
46 micromicrofarads as the ignition cably on a CFR wvniiino rusulted
in a slight reduction of output for very lean and very rich mixtures
and some decrease 1n the renge of fuel-ailr ratiss over which the
engine would cpvrate smoothly.

11. Because of its hlgh rosistivity, rubtbur of the type tosted
is applicable tnly to sh>rt lengths (about 2 £t) of ceblc (detach-
able luvads) with conductors of lerze diametor.

CONCLUSILOLS
1 The developmont of satlsfactory ignitiun ceble employlng a
rubber conductor depends upon the development o»f a satlsfactory
method of febrication.

2. The existence of a wide fleld of application for c.niucting-
rubber 1:imiticn cable depends upon the dcveloprent of conducting
rubber having a resistivity .f less thean 1 ohm-centimeter.

Alrcraft Engine Research laboratory,
Natlonal Adviscry Cormlttee for Aeronautics,
Cleveland, Ohlo,
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APPENDIX A

—_a.T .

EFFECT OF DIAMETER AND RESISTIVITY OF CABLE ¢0§DUQTOR ON VOLTAGE

Effect of oeble resistance on output voltage. - The effect of
a given ignition cable on the voltage epplied to the spark plug is
detormined by two factors: +the load imposed on the magneto by the
cable itself and the tranemisgsion chareoteristics of the cable.

For conventional ceble of negligible resistance, the only impor-
tant effeot of the cable 1s the capacitance 1load that 1t imposes on
the magneto. The load imposed on the magneto wheon 1t is used in the
conventlonal lgnition system 1s represented dlagrammntically in fig-
ure 10(a). The capecitance C of the cable i1s determined by the con-
struction of the cable and 1ts accompanyling shield. In conventlonal
installations, the maximum permlissiblo value for C is set at about
250 micromiorofarads. The shunt rusistance Ry 1is detormined by the
condition of the spark plug. JFcr clean spark plugs it is quite high
but for badly fouled spark plugs it may reach short-circult values.
In practice a good ignitlion system is expectod to filre spark plugs
shunted by resistancos as low as about 200,000 ohms.

If the lgnition cable has approciable rosistancoe, its trans-
miseion proporties must bo conslduruvd. For this cuse the magnoto
load may be roprescntud by figure 10(b). Inoamuch as tho output
froquoncy of thv magnoto is of thu ordor of a few kilocyclus, the
dlstributed nature of capacltance C and conductor resistancu Rg
can bo noglocted for the purposus of this discusslon.

It is appuront that R, =2nd Ry constituto a voltoge divider
that detorminces tho maximum obtalnnblo gpark-plug voltagu toc bu the
magneto voltage times the factor Ry/(Rg + Bg). Ono requiremont of

good cable deslgn is thereofore that R, be kopt small with respsect
to 200,000 omms.

If tho resistlvity of tho maetorial for tho oable core 1s fixed,
the rosistance of a glven longth of cable can be decreascd only by
increasing the conduotor diameter. Such a change results in an
increase of ceble capacltance if the outer dlameter of the cable is
held constant. Quantitative considerations of the relative effects
of cable capacitance and resistance make possible a quantitative
evaluation of the diameter of the cable core for maximum output
voltage.
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Effect of capacitance and resletance loads on magneto output
voltase. - A capaclitance load affects & magneto by reducing the cut-
put voltage. Figure 11 shows how the output voltage of a service-
type magneto varies with capacltance load.

The magreto voltage 1ls also reduced, ln a similar menner, by
resistance load. (See fig. 12.) In an ignition system, the resist-
ance load 1s determined by the condition of the spark plug and the
cable resistance.

Effect of conductor reelstance cn voltage at a fouled snark
plug. - When a reslstence is placed in series with a fouled spark
plug (fig. 10(b)), the actual resistance loed on the megneto is
Re + Rg. If the conductor resistence K; 1s increased for any con-
stant spark-plug resistance Ry, +the megneto output voltage tends
to rise; however, the voltage applied tc the epark plug 1s
Rs/(Rs + Rc) times thils volitage, so the sperk-plug voltage is actuelly
reduced. Figure 13 shows the verceatage decrease in spark-plug volt-
age with increasing conductor resistance, cssuming Ry to be
200,000 omms. This curve was cbtained by teking the cocrresponding
ragneto voltage K, for load R, + Ry fram figure 12, multiplying
1t by the feotor R /(Rg + R,), and coumputing the percentage
E, - By
o

decroase in voltage —F

X 100.
o
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APPENDIX B

- DETERMINATION OF OPTIMUM CONDUCTOR DIAMETER

Relatlon of capacitance and resistence to conductor diameter. -
The cepacltence of ignition ceble can be determlned fram reference 3
by means of the following equatlion; the notatlion bas been changed
8lightly from that of the reference:

2nK
= ro ra ry +1 l a (1)
1 — log — lo og, —
kl kz L] L] - kx . L) L] krl
where
c capacitance, farais/cm length of cable
K constant, 8.04 x 10714

ry, Ty, Ty, I, 1nside radll of successive iayers of insulation, cm

kl, kz, kx’ kn dielectric constants of succesalive layers of insula-
tion
a inslde radius of outser cylinder or harrnoss, cm
The resistance of tho conductor is found by the equation:

R-BL (2)

where

R reslstance, ohms

P reslstlvity of conductor, chm-cm

1 length of conductor, cm

A area of cross sectlon of conductor, sq cm

Figure 14 1s a plot of the capecitance and resistance per foot

length of cable es a function of the conductor diameter. Values used
were:
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a = 0,397 om p = 10 olm-cm
kl = 3-5 Z = 50.5 cm
kz = 5-6

It was assumed for ease iIn caloulating thet, as r; was increased,

the rumainlng solid 1nsu1at%on4w¥u1d be equally divided between Ik
3

anl k,. Therefore, rp = ———E——l.

Choice of conductor diameter. - It is apparent from the rela-
tions between capacltance, resistance, ard conductor dlameter that,
for a glven length of cable employing a conductor of giveon resis-
tivity, an optimum conductor diamoter exists that wlll make avallsable
the maximum voltagu for firing a partly fouled spark plug. Other
considcrations will, of course, restrict the range of usable dlam-
gters. In gonoral, the opbtimun diameter increases and the output
voltage decreases with increasing resistivity of the cors maturlal.
A practlcal copducting-rubbsr cable must deliver an output voltago
approximating that of a good mwtalllec cable. Littls capacitance
increase due to an increase 1n oonductor d:amwtur ls consequontly
permissible 1f the conducting~-rubbor cable is to be uged to replace
the conventlonal cable in ites entireoty. If the high-rosistance
ceble, however, constltutes only a small fraction of the cumplete
cable assembly, such as a detachable lead, an increase 1n the diam-
eter of the high-resistance conductor has a relatively small effect
on the total capacitance load on the magneto and ls therefore
perxciseible.

In order to determine the cptimum diameter for a short length
of cable employing rubber of 1lO0-smm-centimeter resistance, a simu-
lated cable with ad justable constants was preparwud. This arrange-
ment was deemed more practical than making equivalent cirouits,
which would have required leborious celculations and many condensers,
inductors, and resistors. The only evlectirical difference between the
actual ocable and the simuletel cable was the inductance, the effect
of which 1s negliglble et magneto frequency.

The simulated cable consisted of a glass tube of 0.22-1nch inside
diameter placed within a second glass tube of 0.30-inch inside djam-
eter. Insulating oll was placed between the tubus to provide a dlelec-
tric constant that would l9ad to a reasonablo length of resistor for
the desired capacity. The Inner tube was used to hold the conductor,
which was either copper-sulfats solution or mercury, depending on
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the resistance desired. The concentration of the copper-sulfate
solution was varied to provide various values of resistance. A
layer of..tin foil was placed around the outer tube to provide the
desired capacitance. The capacitance could be adjusted by rémoving
or adding tin foil. The length of the conductor was always adjusted
to correspond to the lemgth .of the tin foil.

The simulated cable was placed in the clrcult as shown 1n fig-
ure 15 and the output voltages were measured by llluminated sphere
gaps for varlous capacltances and resistances, both wilth and wlthout
the shunting resistance of 200,000 ohms.

The capaclitance with no shunting resistor in the clroult caused
only a slight reduction in the peak voltage owing to magneto loading.
Thls drop was within the limite of preocision of the meesurements,
which was about +5 percent. The lack of preclslon was a result of
8light variations in the output o: the magneto and varlatlions, owing
to time lag, 1in the breakdown voltage of the spark gap. With the
shunt resistor in the clrcult, the cable acted as a divider and
reduced the voltage accordingly. The results of the tests are plotted
in figure 16.

The 200,000-ohm loakage curve (fig. 16) was used to plot fig-
ure 17, which shows spark-plug voltage as a function of conductor
dlometer for various resistivities. Figure 17 was plotted by first
calculating the reosistance that any given conductor diameter and
reslstivity would produce for & l4-inch length of cable and then
determining the corresponding volteg: for that reslstance.

Figure 17 shows that the opt.mum dlameter occurs past 0.4 cen-
tlmoter; for all practical purposes, however, any increase in diam-
eter beyond 0.1 centlmeter has small effect on increasing the voltage
for resistivities of 10 ohm-~centimeters or less. This fact leads tc
the conclusion that other considerations -~ tendency toward spark-
plug fouling and erosion, englne operation, redio interference, and
dlolectric strength — will determine the diameter for short lengths
of cable having a resistivity of 10 olm-centimeters or less.
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APPENDIX C

EFFECT OF CONDUCTOR DTAMETER ON DIELECTRIC STRENGTH OF CABLE

If conductors of large size are used in conductlng-rubbur cable,
the effect of the change In conductor dlemeter on the dlelectric
strength of the cable must be coasidered. In the followlng discus-
gion, it 1s assumed that the conventional 7-mlllimeter diameter is
maintainesd for the cable as a whole and that eny increase in conduc-
tor radius results In a correspoiding decreese in the thickness of
the layurs of insulating material.

Breakdown of s0lid lnsuiation. - Conventional 5-millimeter
ignition cable with an insulation thickness of approximately 2 mil-
limsters has besn ussd oxtensively and experience has showa that 1ts
diclectric strength ls adequate. An Increasc in the conductor diam-
etor up to 3 millimeters for 7-millimeter cable should therefors be
qulto safe, especially inasmich as the maximum dielcctric stress in
a 7-millimeter cable with & 3-millimeter conductor would be. much
lowor than the maximum stress in e conventionsal S-millimoter cable.
Actually, the maximum stregs In a 7-miilimster cable 1s dccreased
by an increase of conductar diemeter up to a dlameter of at least
3 millimcters.

The stress or voltage gredlent at any volnt in a cable sur-
rounded by a coaxial shield for any anplied voltage can be computcd
by meens of the following equation (with elightly changed notation)
from refoerencoy 3:

= g 22 I3 rx+1 2\ )
!_, o8, 1 1050 T loga Ty log‘D T |
xkx\‘\kl + k +...+-—k—1———+...+——kn-—
wharo
By voltage gradient at uny point x, kv/cm
o epplied voltage, kv
x distance fram center of cc-nd.uc‘bcx-', c
kx dtelectric constant of lnsulation in which x falls
ry, Tz, Tz inglde rodii of successive layers of insulation, cm

Yys Tn
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ky, kp, k&’ dlelectric constants of euccessive layers of insulation
be» oo
a inside radius of outer oylinder, cm
Equation (3) can be applied to en igaition cable in the fol-
lowing mammer: It is assumed that the ignition cable 1s constructed
as in figure 18, the conductor being swrrounded by two solld insula-
tiona, a layer of alr, and the oyter cylinder or herness. The con-
ductor is considersd as one large wire and all the insulation layers
are consldered concentric in order to give a uniform radial-field
distribution that can be easily calculated. In tho actual cape the
fleld 1s distorted and the stresses are increased, The uniform-field

mothod, however, gives an answer that approximates the correct one
and lg sufficiently accurate for most purposes.

Typical values for the cabls would be ky = 5.5, k, = 5.6,
k3 = 1.0, ry = 0.355 centimeter, and a = 0.397 centiuetur. Values
are not given for r) end rp, because these values will be varied.
Whenever ry 1s varied, 1t will be sssumed that the remaining solid
1nsul%;ignris equally dividsd bstwsen k; and k,, thus
2
ductor or where x = r;-

ry = The maximum gredient occurs at the surface of the con-

When the proper values are subst!tuted in equation (3), the
gradient at the surface of the conductor 1s a function of Increasing
radius, as in curve 1 of figure 18 for constant applied voltage. The
gradlent decreases over ths range of prectical conductor diameters.
This curve is baged on the assumption that the applied voltage 1s
not too high to ceuse breakdown of the sir layer between the cable
and the harness, If this alr layer is brokon down, the gradlent is
higher and the minimum point ocours at a smeller conductor diemeter
as in curve 2 (fig. 18); however, the gradient is etill less then
the gradient that occurs with the gtandard conductor diameter up to
0.4 -centimeter Qiameter.

Breakdown of air voids. - The breakdown of air voids (corona)
1s & more importent congideration than the breakdown of the solild
insuleticn, inasmuch as the cables are operated at voltages far
below the instantaneous breakdown voltage of the esclid insulation
but still at voltages high enough to ocause corona. It 1s, however,
a subject about whioh little information is avallable because of
the difficylties involved in obtaining data on the breakdown of
extremely small alr layors.
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In a conventlonal~-cable lnstallation, corona mey occur in volids
around the conductor (internal corona) and in the alr space between
the cable end the shield harmess (extornal corona). The use of a
rubber conductor 1s expected to eliminate lntermal coroma through
the eliminatlon of volds, Externmal corona would not be ellminated
and would, in fact, occur at lower cable voltages If the conmductor
diasmetor were increasod.

The electrical breakdown of an alr apace le determined by the
dimensions of the spacse, the alr density, and the electrostatic
field that exists 1n the space. The elsotrostatic fleld 1n turn is
detormined by the cable voltage, the construction of the cable, and
the locetlon and dimenslons of th® alr space. If tho dimenslons of
the spacos are such that the fleld within the space 1s essentially
uniform, the magnitude of the gradient ruquired to canse breakdown
can bg determined from-avallable experimental data., Data from ref-
orences 4 and 5 wore reduced to atmospheric pressure Ly the appli-
cation of Paschun's law and plotted In figure 15 to show the variation
of breakdown gradiont at atmospheric denslty with length of the alr
gpace in the dilroetion of the ficld (olsctrode gpacing).

The data of flgurc 1Y should be appliechble to oxternal-corona
broakdown, inasmuch as the alr spaco between tho ceblo and tho
surrounding shield 1s sufficiently thin (0.042 cm) in rolation to
its radius of curvature to Justlfy the assumption of a uniform fiold.
The value of broakdown grediont for & spaclng of 0.042 contimoter
was read from figure 19 and was used with equation (3) for compu-
tation of the cable voltage causing external corona for various
conductor diemeters. The cable shown dlagrarmatically in figure 18
was assumed for the caomputations. The results are plotted as a
dashed line in figure 20. The decrease in corcrna voltage with
Increasing conductor diemeter is quite rapid. The curve applies,
of course, only at sea-level dernsity but the trend would be the sams
at hlgher altitudes. In a practical installatlon, the cable wculd
not lie coaxlally in the shleld harness and all air-gep spacings
from O to 0.084 centimeter would exist. Computation showed, however,
that over the range of conductor dlameters from 0.05 to 0.3 centl-
meter the cable voltage causing corona was in the neighborhood of a
ninimum for an alr space of 0.042-centimeter thiockness.

In order to show the relation between intermel and extermal
corona for cables in which alr voids exist around the conductor,
the voltage required for internal corona is plotted as a solid llne
in figure 20. The method of computation was similar to that for
external corona. The void arournd the conductor was arbitrarily
selected as an annulus of a constant thickness of 0.005 centimeter;
otherwlss the assumed cable was the samo as that assumed for the
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external-corona calculations. The voltages would, of course, be
gnite different if a vold of a 4ifferent slze were assumed. Cop.-
putetions of internal-corona volteges are sublect to large uncer-
talntles because of the lack of experimental data on the applica-
billty of Paschen's law at very small electrode spacings.

Figure 20 shows that increesing the .conductor dlameter
increesses external corona but reduces internal corona; therefore,
if conducting-rubber cable must employ a larger conductor dlameter
than standard cable, it should exhlbit worse external-corone
effeots than a standaord cable. As far as internal corona is con-
cerned, any alr volds that did exist in the conducting-rubber
cable would be less subJject to corona than the samo size air volds
in the standard cable.

It should also be pointed ot that a magnetc voltage slightly
higher than that epplied to a stendard cable will be applled to
the conducting-rubber ceble in the case of e badly fouled spark
plug because of the divider action of the cable and spark-plug
registances. Worse corona effects should thurefore cccur toward
the magnoto end of the ceble terminated wlth a foulod spark plug.

The possibility exlsts of applying a thin layer of conducting
rubbor to the outslde of tho cable, theoieby eliminating external
corona. This arrangoment would *ncreuase the ceble capacltances,
although the Increasc could be partly counterackted by the elimina-
tion of the neoprena sheath of the ceable, which makes a large
contribution to the cable cepacity. The merits of thls possibility
have not yot been campletely evaluated.
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TABLE I - EFFECT OF SUCCESSIVE HEATING-CCOLING CYCLES ON RESISTANCE OF CONDUCTING-RUBBER STHTP A-2

3

Gycle!ﬁinimum Initial Mezimum iReglgtunce |Final |Final JDuration|Time before
(initial) |resistance|tenper-lat maximum |temper-|resistance|of cyclestart of suc-
temperature| (chme) {ature [temperature|ature (ohms) (br) |{ceeding cycle

(°r) (°r) (ohms) (°F) (hr)

1 82.5 27,900 212 20,400 91.5 20,000 1.8 0

2 91.5 20,000 212 31,700 90 18,200 7 0.

3 30 18,900 215 33,300 90 18,400 .9 0

4 90 18,400 212 |emeenaeeaaa 20 17,500 1.2 0

5 90 17,500 218 31,700 €0.5 16,900, 1.2 0

6 90.5 16,900 210 27,500 92 16,200} 82 0 0

7 92 16,200 215 20,600 97 16,200 ' 16.5 -
8 87 16,2C0 240 23,200 95 14,700 5.0 0

9 95 14,700 220 26,400 101 14,900 8 5 o .
10 101 14,900 220 24,500 136 15,900 ' 15.7
11 87 14,700 217 19,100 90 14,700 |-===-=-- o
12 30 14,700 190 |emcecmmaaaa 101 14,900 |---eemeelccmcmanaa- o

8Total of two cycles.

Nationel Advisory Committee
for Aeronautics
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- TABLE-II - CFR ENGINE TEST SHOWING TEE EFFECT OF FUEL-AIR RATIO
ON INDICATED MFAN EFFECTIVE PRESSURE AND INPUT VOLTAGES USING
CONIUCTING-RUBBER-CABLE, TYPE C, AND STANDARD-CABLE SAMPLES
[cable length, 17.9 in.; harness length, 14 in.; capacitance
of type C cable, 48 yul; capacltance of standard-ceble sample,

30 ppf; resistance of type C cable, 22,700 olms; precision of
voltege measurements, I5 percent]

Standard cable Conducting-rubber cable type C
[ Fael-air|Indicated Tnput  |Fuel-air|Indicated Tnput
ratio mean effective|voltege |[ratio meen effectlvelvoltago
pressure to cable pressure to cable
(1v/sq 1im.) (=v) (1b/sq 1in,) (kv)
Engine speed, 900 rgm; manifold nressure, 20 in, Hg absolute;
spark advance, 35- B.T.C.

0.065 72 4.3 |=cmmmmmn]mmmmmeme e mme e
.075 78 5.4 C.075 74 6.0
.084 63 3.5 .0R3 78 5.4
.103 7€ 3.0 } .ice 71 3.4
119 70 L I Rl R R

Engine speed, 2400 rpm; menifold preasure, 30 in. Hg absolute;
spark advance, 45° B.T.C

0.054 a2 3.4 jemcemume|occccacmecccc|mmem——aa
.059 107 3.8 0.059 102 4.0
.083 124 4.4 .083 124 3.8
.136 94 2.0 .133 8l 1.5
.142 76 1.8 |-=-emoee]ecccrccmcacccc|cana -—

Engine speed, 3000 rpm; manifold pressure, 40 in. Hg absolute;
spark advance, 45° B.T.C.

0.054 114 VTR [N [ p r———
.055 124 4.4 0.056 115 4.8
.084 170 4.4 .084 169 3.6
.140 125 2.4 .137 119 2.3
141 114 2.4  fommememo e e

National Advisory Committes
for. Asronautics
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Figure 2, ~ Effect of stretch and release on resistance of con-

ducting rubber 40 seconds after release,
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Figure 8 - Conducting-rubber cables used in tests.
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Figure 9. - Circuit diagram of simulated engine installation used to obtain output

voltoge Of short length of conducting-rubber cable.
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Flgure 11. - Effect of shunt capacitance on output voltage of
conventlional magneto for 9-cylinder aircraft engine. No re-
slstance load; magneto speed, 2000 rpm.
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from fig.12.)



Resistance, ohm/ft

NACA ACR No. ES5G27 Fig. IY4
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
70K103 40
|
|
i
80 - 120
1
1
\
\ — Cappcitakce ////
50 } b 100
“ ~ -4 --=| Resistance /
\ / e
! ~
40 > 80
/ 3
s -
\ s g
\ / 3
30 \ = 60
\ o
£,
' e 3
\\ /
2 \\ 40
\
// A
e \
\
1l = 20
~
~
\\
0 1 2 3 .4 5 s °

Figure 14, — Capaclitance and resistance of 7-millimeter

Conductor diameter (2r1), cm

conduc tlng-rubber cable for various conductor diameters.
Resistivity, 10 ohm—centimeters,




*ON ¥JIV VIVN

150-puf capacitonce
(stondard cable covered

with tin foil) o
Disrriburor ,/////;;’ <::.S‘mulowd coble : &
: ~
—— VVWVVWV Y e— :
o;l) (l) (l) shunting'résistancc
//ji) Rs, 200,000 ohms
Grounding Z;::;;;ere gaps Illuminated
gaps with ultroviolet light
for voltage meosurement
Figure 15. - Circuit diagram of test setup used to determine the optimum conducror
diameter for l4-inch length of conducting-rubber cable.
NAT 1ONAL ADVISORY
COMMITTEE FOR AERONAUTICS'
=

St



Spark-plug voltage, kv

Fige |6

NACA ACR No. E5G27
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS N
Cagaclitance
(uufin
o) ™
O (INeglacting st ca
No Qleakape
164 $
$o00-o—o0 o o-
12
8 -
. 200},000~ohm 1pakage
o
o — _______~_4
T —— |
- 49 40 80 120 160 200

Resistance, ohms

240x10°

Figure 16, - Effect of various values of resistance and capaci-
tance of simulated cable on the spark-plug voltage,



NACA ACR No. E5G627 Fig. 17

Spark-plug voltage, kv

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
Resistipity
 ohm—-pm)
!
—_ — 10
—q-—1 100
_ al o
674 S = B 1 o5
/ 4 1 - - SD W )
/ / P g 4 .1
1' /
i l{ ,// g T+ .2
] / ’
' '] " :
4f— > 53 .4
{J : P g /]
! e o
‘I ,I 2 + .8
' y :
I' y g 11.6
21+
. 7 g 3.8
! g
S € 16,4
1 " Q. b
§ °
/
- L -]
0% 1 2 3 4

Conductor diameter (2r1), cm

Figure 17, = Effect of conductor diameter on spark-plug voltage
for various resistivities of conductor. (Determined from
200,000-ohm leakage curve of fig. 16.)



NACA ACR No. E5G27 Fig. 18

Confiuctor hess
A
] layep
X,—
18 R &
Insuflations *
16 /
- /
g 14
(4]
~J>
Y S
x 1.
. \
S \
olo
[ A\
Lol
kel il v
G \
5 \ \
& 10 3 N v
< \\\\\
AY —— //{
\\ NAT IONAL ADVISORY
8 \ COMMITTEE FOR AERONAUTICS
RN
N
AN
\\
o
\\ 1 -
6 ] =
\“T——T__-————“‘
Conductior digmet fon
s:Fndard cabjle
4! : |

0 .1 2 3 4 N N
Conductor diameter_(Zrl), cm

Figure 18, — Gradient at surface of conductor of 7-millimeter
ignition cable plotted as a function of conductor dlameter.




Breakdown gradient, kv/cm

10

10

NAT IONAL ADV [SORY

COMMITTEE FOR AERONAUTICS

10
. 003 .01

o1
Spacing, cm

1

Flgure 19. - Effect of electrode spacing on breakdown gradient of air in uniform fleld as

determined by Paschen's law,
from references 4 and 5.)

Absolute pressure, 760 millimeters mercury.

{Data derived

*ON YOV VIVN

L7963

lﬁ!i

6l



_ (I!‘lLlﬂllIHI( LT -

371176 01364 7830



